Aspergillus sojae generally has only one ortholog of the Aspergillus oryzae taa (α-amylase) gene. The AstaaG1 gene from a shoyu koji mold, A. sojae KBN1340, comprised 2,063 bp with eight introns. AsTaaG1 consisted of 498 amino acid residues possessing high identity to other Aspergilli α-amylase sequences. Disruption of the AstaaG1 gene resulted in no detectable α-amylase production in starch medium. Promoter activity of the AstaaG1 gene, monitored by xylanase activity, was upregulated with replacement of the CCAAT-like sequence. Site-directed mutation of the CCAAT-like sequence increased xylanase production approximately four times higher than that of the wild type. These results clearly demonstrate that the decreased copy number of the taa gene and the low affinity binding sequence to the Hap complex lead to the lower amylolytic activity of A. sojae compared to that of A. oryzae.
Introduction
The filamentous fungi Aspergillus sojae and Aspergillus oryzae have been used for the production of a traditional Japanese fermented food, soy sauce (shoyu). A. sojae and A. oryzae, when grown on a shoyu koji composed of soybean and wheat, secrete a large variety of carbohydrases and proteases. These enzymes are essential for the efficient maceration and hydrolysis of soybean and wheat. A. sojae and A. oryzae have different characteristics that affect the quality of soy sauce, such as its taste and aroma. The major distinctive characteristic is the enzyme production profile (Terada et al., 1980) . A. oryzae secretes approximately 16 times more α-amylase than A. sojae, whereas A. sojae secretes approximately 50 times more polygalacturonase than A. oryzae.
Alpha-amylase catalyses the hydrolysis of internal α-1, 4-glycosidic bonds in starch and related molecules. In soy sauce brewing, α-amylase from A. sojae or A. oryzae breaks down wheat starch to glucose and malto-oligosaccharides, which are further degraded by glucoamylase and α-glucosidase. The α-amylase from A. oryzae is well known as Taka-amylase A (TAA) and has been studied extensively. A. oryzae generally has multiple genes encoding TAA, the number of which is typically two or three, depending on the strain (Gines et al., 1989 , Tada et al., 1989 , Tsukagoshi et al., 1989 , Wirsel et al., 1989 . A comparison of the surrounding sequences of α-amylase genes from Aspergillus flavus and A. oryzae revealed that the duplication of taa gene was associated with activity of transposable elements of the Tc1/ mariner superfamily (Hunter et al., 2011) .
Expression of the TAA gene (taaG2) in A. oryzae JCM02239 is characterized by high-level expression, repression by glucose, and induction by both starch and maltose. Using a hybrid model system of Aspergillus nidulans transformed by the A. oryzae taaG2 gene, three factors: CCAATbox binding protein, CreA (carbon catabolite repressor protein A) and AmyR (transcriptional activator for amylolytic gene expression) were found to be involved in taaG2 gene expression and regulation (Kato, 2005) .
Recently, the draft genome sequence of A. sojae NBRC4239 has been reported (Sato et al., 2011) . A. sojae NBRC4239 has only one ortholog of the α-amylase gene, amy1, that is homologous to the A. oryzae taa gene. However, whether other A. sojae strains possess only one ortho-sojae KBN1340 was used as a template. The amplified 2,779 bp fragment was cloned into HincII-digested pUC118 to construct pAS1340G1 and sequenced.
A cDNA fragment encoding AstaaG1 was amplified by RT-PCR, using a High Fidelity RNA PCR kit (Takara Bio). Total RNA used as a template was isolated from A. sojae KBN1340 cultured for 40 h at 30℃ in starch medium. The primer pair P3 (5'-ATGGTCGCGTGGCG GTCCCTATTCC-3'; corresponding to positions +1 to +25 of the AstaaG1 gene where the translation start site is designated +1) and P4 (5'-TCACGAGCTGCTACAGATCTTGC TA-3'; corresponding to positions +2,039 to +2,063) were used for the double stranded cDNA synthesis. The amplified 1,497 bp fragment was cloned into HincII-digested pUC118 for sequencing.
Construction of the AstaaG1 gene disruptant The plasmid pDisASG1 was constructed by replacing the 1.1-kb NdeI-NruI fragment of pAS1340G1 (from +433 to +1565 of the AstaaG1 gene, with the translation start site being +1) with the 1.8-kb HindIII-SalI fragment carrying the A. oryzae pyrG gene from pYRG100 (Kitamoto and Yoshino, 1999a) . The 3.0-kb EcoRI-SphI fragment of pDisASG1 carrying the disrupted AstaaG1 gene was used to transform A. sojae KBN1340-P2 for isolation of the AstaaG1 gene disruptant.
Construction of AstaaG1::xynF1 and A. oryzae taaG2::xynF1 fusion genes The promoter region of the AstaaG1 gene was amplified with pAS1340G1 as a template, using the primer pair P5 (5'-GAGTCGACAGCATCC AAGCCCAAGTCCTT-3'; corresponding to positions −466 to −444 of the AstaaG1 gene where the translation start site is designated +1) and P6 (5'-GGTCTAGAATGCATGG TGAATGTCTTCTGTGGGG-3'; corresponding to positions +3 to −20). The amplified fragment was then digested with SalI and XbaI and subcloned into pUC119 to construct pASTAAW5. The site-directed mutation in the AstaaG1 promoter was introduced by recombinant PCR (Higuchi, 1990) , using pASTAAW5 as a template. The first PCRs were performed with the following primer combinations: P5 plus P7 (5'-TTTGCTGCTTCTAATTGGATGGTGCGTCCG-3'; corresponding to positions −361 to −390) and P8 (5'-CGGACG CACCATCCAATTAGAAGCAGCAAA-3'; corresponding to positions -390 to −361) plus P6. The first PCR products were combined and subjected to the second PCR with P5 and P6 as primers. The resulting product was digested with SalI and XbaI, and subcloned into pUC119 to construct pASTA-AM8. In order to generate the plasmid pSAPWX, the wildtype AstaaG1 gene promoter was excised from pASTAAW5 with SalI and EcoT22I, and substituted for the tef1 gene promoter on pTFXF200 (Kitamoto et al., 1998) , which carries the tef1::xynF1 fusion gene and the niaD marker log of the taa gene, and whether differences in the promoter sequence of A. sojae compared to A. oryzae affect gene expression required clarification. In this report, we analyzed the copy number of α-amylase genes in several industrial A. sojae strains and the gene structure of the α-amylase gene, AstaaG1, from A. sojae KBN1340, a representative strain suitable for shoyu production obtained from the library of the seed koji company, Bio'c (Toyohashi, Japan). Furthermore, we also describe the effect of site-directed mutation of the promoter sequence on AstaaG1 gene expression.
Materials and Methods
Fungal strains, culture media and transformation A. sojae KBN1340, KBN3149, KBN3160, KBN3176, KBN3178, KBN3179 and KBN3180 strains obtained from Bio'c were used for DNA isolation and grown at 30℃ in Czapek-Dox medium or starch medium (2% starch, 1% polypeptone, 0.5% KH 2 PO 4 , 0.5% KCl, 0.1% NaNO 3 , 0.05% MgSO 4 ·7H 2 O). A. sojae KBN1340-P2, a uridine-requiring host derived from A. sojae KBN1340, was used for transformation and grown at 30℃ in modified Czapek-Dox medium supplemented with 5 mM uridine and 5 mM uracil. A. oryzae KBN616-39, a niaD-deficient strain from A. oryzae KBN616, was also used for transformation and grown at 30℃ in modified Czapek-Dox medium containing NH 4 Cl as the nitrogen source instead of NaNO 3 . Transformation of A. sojae and A. oryzae was carried out as described previously (Kitamoto et al., 1995) .
Southern blot analysis Total DNA from A. sojae and A. oryzae was isolated as described previously (Kitamoto et al., 1993) . DNA was fractionated by electrophoresis on 0.7% agarose gel and transferred onto a Hybond-N + membrane (GE Healthcare, Buckinghamshire, UK). Labelling of the probes and detection of the signals in Southern hybridization were carried out using AlkPhos Direct Labelling and Detection System with CDP-Star (GE Healthcare). According to the procedure provided by the manufacturer, hybridization was carried out at 55℃ in the hybridization buffer, and the membrane was washed twice with the primary wash buffer at 55℃ for 10 min and twice with the secondary wash buffer at room temperature for 5 min.
Amplification of the AstaaG1 gene and its cDNA by PCR and RT-PCR The AstaaG1 gene was amplified by PCR with ExTaq DNA polymerase (Takara Bio, Otsu, Shiga, Japan) using the primer pair, P1 (5'-GACCCACATAC TATCTGTATACAAC-3'; corresponding to positions −2,485 to −2,458 of the A. oryzae amyA gene (Gomi et al., 2000) where the translation start site is designated +1) and P2 (5'-GAACAAAAAGACCATACATCATAGAAT-3'; corresponding to positions +2,120 to +2,147). Total DNA of A. and sequenced. The coding region consisted of 2,063 bp and was interrupted by eight introns 55 bp to 97 bp in length (Fig. 2) . The coding sequence encoded a polypeptide of 498 amino acid residues with a molecular mass of 54,662 Da. The deduced amino acid sequence of AsTaaG1 was compared with other Aspergilli α-amylase sequences. Overall, AsTaaG1 showed significant sequence identity to other Aspergilli α-amylases. AsTaaG1 showed 97.4% identity to Aspergillus awamori AmyA (Korman et al., 1990) , 98.4% to A. flavus AFLA_026140A (Payne et al., 2006) , 78.2% to Aspergillus fumigatus amylase (Nierman et al., 2005) , 97.8% to Aspergillus kawachii AmyA (Nagamine et al., 2003) , 69.5% to Aspergillus niger An04g06930 (Pel et al., 2007) , 69.5% to A. nidulans AN2018.2 (Galagan et al., 2005 , 98.2% to A. oryzae TaaG1 (Tsukagoshi et al., 1989) , 97.8% to A. oryzae TaaG2 (Tsukagoshi et al., 1989) , 97.6% to Aspergillus shirousami Amy (Shibuya. et al., 1992) .
The 5'-and 3'-noncoding regions of the AstaaG1 gene were searched for various consensus sequences. There was a potential TATA box at −103 and a CCAAT-like sequence at −378. Furthermore, six CreA consensus binding sites were present at −475, −433, −282, −216, −161, −156 and one AmyR binding site was at −264, which could participate in repression or induction of the gene in response to glucose or starch. No other consensus sequences, such as the polyadenylation signal, AATAAA, were found within the region we determined.
gene. pSAPMX was generated by the same procedure as pSAPWX, using pASTAAM8 carrying the mutated AstaaG1 gene promoter. pTAXF101, carrying A. oryzae taaG2::xynF1 fusion gene, was also generated using the A. oryzae taaG2 gene promoter. The resultant plasmids, pSAPWX, pSAPMX and pTAXF101, were introduced into A. oryzae KBN616-39. Nitrate prototrophic transformants, which carry a single copy of each plasmid at the niaD locus, were chosen and used for further study.
Enzyme assay Amylase activity was measured at pH6.0 and 40℃, with soluble starch as the substrate, by the modified method described by Saito (Saito, 1973 ). An α-amylase solution containing one unit of enzyme reduced optical density at 690 nm by 2.5% for 10 min. Xylanase activity was measured at pH4.0 and 40℃, with oat spelt xylan as the substrate, by the DNS method (Kitamoto et al., 1999b) . One unit of enzyme activity was defined as the amount of enzyme that produced reducing sugars equivalent to 1 μmol of xylose per min.
Results and Discussion
Southern blot analysis of the α-amylase gene in A. sojae A. sojae NBRC4239 was reported to have only one ortholog of the taa gene (Sato et al., 2011) . This likely accounts for the lower amylolytic activity of A. sojae compared to A. oryzae. In order to expand on the notion that A. sojae has a single copy of the α-amylase gene, Southern blot analysis of genomic DNA was carried out. Genomic DNA from seven A. sojae strains was digested with HindIII and then subjected to Southern blot analysis. Hybridization with the taaG2 gene fragment as a probe revealed the existence of a single α-amylase gene almost identical to the taaG2 gene in the genome of A. sojae (Fig. 1) . This result strongly suggests that A. sojae generally has a single copy of the α-amylase gene that is homologous to the taa gene. Among seven A. sojae strains, A. sojae KBN1340, which is typically used as a shoyu koji strain at Bio'c, was chosen for further study.
Isolation and structural features of the AstaaG1 gene A. flavus also has only one copy of the α-amylase gene that is a homolog of the amyA gene in A. oryzae RIB40 (Hunter et al., 2011) . This α-amylase gene lies downstream of genes encoding an α-glucosidase and AmyR. From this analogy, we postulated that the α-amylase gene in A. sojae KBN1340 also lies downstream of genes encoding an α-glucosidase and AmyR. One set of primers was synthesized based on the nucleotide sequence of the A. oryzae RIB40 amyA gene, and the AstaaG1 gene was successfully amplified from A. sojae KBN1340 genomic DNA by PCR, as described in the Materials and Methods. The cloned AstaaG1 gene was sequenced in both directions. To define the intron/exon structure of the AstaaG1 gene, five RT-PCR-derived cDNAs were cloned α-Amylase Gene from Aspergillus sojae Genomic DNA (about 5 μg) was digested with HindIII and processed for Southern blot hybridization. Hybridization was performed with AlkPhos Direct system with a 2.0-kb taaG2 gene fragment as probe. Numbers on the right refer to the nucleotide sequence (negative numbers refer to nucleotides upstream of the AstaaG1 ATG translation start codon) and amino acid sequence. Intron sequences are in lower-case letters. The TATA box and CCAAT-like sequences are double underlined, and CreA consensus binding sites are underlined. The AmyR binding sequence is boxed. Asterisk (*) marks the translation stop codon. The AstaaG1 DNA sequence is available in the DDBJ/EMBL/GenBank databases under the accession number AB733130.
Comparison of the promoter sequences between A. sojae AstaaG1 and A. oryzae amyA genes revealed that A. sojae lacks the 1,875 bp sequence previously designated as the transposon-like element Tao1 (GenBank/EMBL/DDBJ accession number AB021710) between amyA and agdA in A. oryzae RIB40. The Tao1 insertion site at the A. oryzae amyA promoter region was found to correspond to the TA dinucleo-tide in the −533 to −532 region upstream of the AstaaG1 promoter. Tao1 might play a crucial role in taa gene multiplication in A. oryzae, although the underlying mechanism is unclear.
Construction of the AstaaG1 gene disruptant To demonstrate that AsTaaG1 is responsible for the α-amylase activity in A. sojae, we constructed a AstaaG1 gene disruptant. A. taaG2 gene. The CCAAT binding proteins have been designated as the Hap complex, comprising three subunits: HapB, HapC and HapE. The in vitro regulatory function of the Hap complex has been confirmed by replacing the CCAAT sequence with CGTAA (Kato et al., 1997) . This mutation abolishes the binding of the Hap complex to the sequence in vitro, and reduces the taaG2 gene expression level to approximately 30% of that observed with the wild-type construct. No factors except for the Hap complex are able to increase taaG2 gene expression by binding to the CCAAT sequence in the promoter region (Kato et al., 2001) .
In the AstaaG1 gene promoter, the CCAAT sequence corresponding to positions −376 to −372 of the taaG2 gene is substituted with CCAAA, which is identical to that of the A. sojae NBRC4239 amy1 gene (Fig. 2) . This alteration is considered to result in reduced AstaaG1 gene expression because the CCAAT pentanucleotide is absolutely required for the binding of the Hap complex. To confirm this hypothesis, site-directed mutagenesis was used to generate a high affinity binding sequence to increase the promoter activity of the AstaaG1 gene; the plasmid pASTAAM8 was constructed as described in the Materials and methods. The activities of the wild-type and mutated AstaaG1 promoters were monitored by xylanase activity in transformants grown for 48 h sojae KBN1340-P2 was transformed using a 3.0-kb EcoRI-SphI fragment of pDisASG1 carrying the disrupted AstaaG1 gene. The regenerated pyrG+ transformants were purified by selection on CD plates and transferred to starch agar plates. Of 110 transformants screened, four transformants did not form a clear zone on the starch agar plate with KI-I 2 staining after 48 h of growth, while the remainder did. Southern blot analysis of genomic DNA from the four transformants and A. sojae KBN1340 digested with HindIII + SalI revealed that these transformants contained the predicted 3.1-kb fragment (Fig. 3B, Lane 2) , while A. sojae KBN1340 contained the 2.4-kb fragment (Fig. 3B, Lane 1) . These results indicate that the AstaaG1 gene was disrupted in these transformants. The AstaaG1 disruptant grew very poorly on starch, while it grew as well as A. sojae KBN1340 on d-glucose. Furthermore, the AstaaG1 gene disruption completely eliminated all detectable α-amylase activity in the starch medium, whereas A. sojae KBN1340 produced 23.8 ± 2.0 U/mL. Therefore, these results clearly demonstrate that AsTtaaG1 is responsible for the α-amylase activity in A. sojae.
Effect of site-directed mutagenesis within the Hap complex binding site on AstaaG1 gene expression The CCAAT sequence is found in some fungal gene promoters, and has been shown to be important in high-level expression of the α-Amylase Gene from Aspergillus sojae A. Scheme of the AstaaG1 disruption is shown. The 3.0-kb EcoRI-SphI fragment excised from pDisASG1 carrying the disrupted AstaaG1 gene was transformed to A. sojae KBN1340-P2, and transformants with no amylase activity were selected. Black and white boxes indicate the AstaaG1 and pyrG genes, respectively. B. Southern blot analysis of genomic DNA isolated from A. sojae KBN1340 and the AstaaG1 gene disruptant. Genomic DNA (about 5 μg) was digested with EcoRI and HindIII, and processed for Southern blot hybridization. Hybridization was done with AlkPhos Direct system with a 0.6-kb NruI-SphI fragment excised from pAS1340G1, carrying the C-terminal region of AstaaG1 gene, as a probe. Lane 1, A. sojae KBN1340; Lane 2, the AstaaG1 disrupted strain. The transformants that carried a single copy of each construct at the niaD locus were selected by Southern hybridization analysis (data not shown) and examined for enzyme production. The results are summarized in Fig. 4 . Transformants carrying the wild type promoter produced xylanase at 49.4 ± 1.3 U/g dry mycelia. Meanwhile, mutation of the sequence increased xylanase production to 204.5 ± 1.2 U/g dry mycelia, approximately 4-fold higher than that of the wild type. These results clearly indicate that an increase in the binding affinity of the Hap complex to the AstaaG1 promoter results in efficient recognition of the signals required for tight interaction of the Hap complex.
In conclusion, this is the first report on the structure and expression of the AstaaG1 gene from the industrial shoyu koji mold, A. sojae. All of the A. sojae strains examined had only one ortholog of the taa gene from A. oryzae. The results of this study strongly suggest that the decreased copy number of the α-amylase gene and the low affinity binding sequence to the Hap complex are the reasons for the lower amylolytic activity of A. sojae compared to A. oryzae. For further analysis of AstaaG1 gene expression, we are now investigating the specific transcriptional activator, AmyR, required for the inducible expression of the AstaaG1 gene. Schematic representation of the wild type and mutated AstaaG1 and taaG2 promoters. All of these promoters were fused to the xynF1 structural gene and used for transformations. The transformants were grown at 30℃ for 48 h in starch medium, and xylanase activity in the culture broth was measured. Each value is the mean ± standard deviation of three independent experiments.
wild AstaaG1 mutated AstaaG1 A. oryzae taaG2 CCAAT xynF1 gene Xylanase activity (U/g dry mycelia)
49.4 ± 1.3 204.5 ± 1.2 238.4 ± 8.3
AmyR TATA ---ATCCAAATAGAAGCA------ATCCAATTAGAAGCA------ATCCAATTAGAAGCA---
